ABSTRACT
INTRODUCTION
To date, the goal of pharmacological treatment for mild gestational hypertension (GH) has been the lowering of blood pressure (BP) to prevent or delay progression to more severe disease, and thereby improve outcome 1 -3 . In particular, antihypertensive medication, such as betablockers, seems to be associated with a reduction in neonatal respiratory distress syndrome and in the progression to severe hypertension 1 -3 . Although the observation of mildly elevated systolic and diastolic BP without proteinuria early in pregnancy is usually associated with a normal evolution of pregnancy, some patients with such characteristics do go on to develop complications 4 -6 . Therefore, BP values alone appear to be insufficient to identify patients who will develop complications and those who will not 5 -7 . Some researchers have used maternal hemodynamics as a target of therapy in GH 8 -10 , with promising results. In particular, Chaffin et al. 10 found that pharmacological modulation of maternal hemodynamics might improve pregnancy outcome, and that an elevated total peripheral vascular resistance (TPVR) is associated with worse outcomes compared with a hyperdynamic state. Several reports have shown that the observation of TPVR > 1350 dyne often precedes the development of complications both in normotensive and in hypertensive patients 5, 6, 11 , suggesting a key role of this parameter in the early identification of high-risk patients 5, 6, 11 . Most studies on the administration of nitric oxide (NO) donors during pregnancy have focused on the effects of these drugs on BP without considering the effects on cardiac output (CO) and TPVR, making it difficult to evaluate its real benefit with respect to maternal hemodynamics 12 . Recently we noted that the addition of plasma volume expansion and NO donors to antihypertensive therapy in GH patients with severe fetal growth restriction could enhance maternal and fetal hemodynamics, improving pregnancy outcome 12 . From this experience, we hypothesized that modulation of TPVR might affect pregnancy outcomes more than lowering the BP alone, and that a combination of antihypertensive drugs, NO donors and fluid therapy might influence TPVR more than antihypertensive drugs alone. Based on this we developed a non-randomized trial to assess the possible reduction in the progression to severe complications that might be achieved by lowering TPVR through the addition of NO donors and oral fluids to standard antihypertensive therapy in women with earlyonset (20-27 weeks' gestation) mild GH (systolic and diastolic BP < 170/110 mmHg).
PATIENTS AND METHODS
This was a prospective non-randomized trial with sequential allocation of 400 women with mild GH recruited between 20 and 27 weeks of gestation. Inclusion criteria were: normal estimated fetal weight (> 10 th percentile), fetal anatomy and umbilical artery Doppler; normal BP values before 20 weeks' gestation and 6 months postpartum; mild GH 13 at enrolment; absence of proteinuria on routine urinalysis and normal renal function (blood urea nitrogen and creatinine); and TPVR > 1350 dyne at diagnosis, which is predictive for complications 5, 6, 11 . Exclusion criteria were: undetermined gestational age; tobacco use; twin pregnancies; maternal heart disease; pre-existing maternal chronic medical problems such as pre-existing hypertension, renal or liver diseases, or autoimmune diseases; and chromosomal and/or suspected fetal abnormalities on ultrasound.
Over a 6-year period (2005-2010) 1357 hypertensive pregnant women were referred to the obstetrics outpatient clinic of Tor Vergata University. Patients meeting the inclusion criteria were enrolled in the study. For each patient enrolled in the first 'standard treatment' group (Group A), the next three patients similar in gestational age (difference of no more than 7 days), maternal age (± 1 year) and body mass index (BMI) (± 1 kg/m 2 ), were included in the second (Group B), third (Group C) and fourth (Group D) treatment groups, respectively. The process continued until 100 patients had been recruited into each group: 257 patients (64.3%) were seen by our outpatient clinic from the start of the first trimester and 143 patients (35.8%) were referred by other centers. Patients enrolled in Group A were treated with nifedipine, patients enrolled in Group B were treated with nifedipine and NO donors, patients enrolled in Group C were treated with nifedipine and oral fluids, and patients enrolled in Group D were treated with nifedipine, NO donors and oral fluids. A group of 100 normotensive patients was also enrolled.
Nifedipine was given orally to achieve a diastolic BP between 85 and 105 mmHg according to international guidelines 14, 15 . Based on previous studies in non-pregnant women demonstrating that increasing oral intake of fluid by 2 L or more a day in addition to normal intake could reduce TPVR and increase stroke volume 16, 17 , the patients in Groups C and D were instructed to consume 2.5-3 L of fluid per day in addition to their normal intake before diagnosis. If clinical signs of pulmonary edema or echocardiographic signs of ventricular dysfunction (defined as a reduction of the ejection fraction (EF) of ≥ 5% or a reduction of the absolute value of the EF to ≤ 50%) were observed then the fluid treatment was discontinued 12 . Therapy with NO donors consisted of the use of transdermal patches of glycerine trinitrate at a dosage of 10 mg/24 h, which were utilized for 12 h a day to avoid tolerance.
Based on our clinical experience and on the recommendations made by respected authorities regarding treatment to lower the risk of developing severe hypertension 1 -3 , it was decided that it would be inappropriate to leave earlyonset mild GH untreated; therefore, we did not enrol a control non-treated group.
Approval by the local Ethics Committee was obtained, and written informed consent was collected from all patients. GH was defined according to the criteria of the International Society for the Study of Hypertension in Pregnancy (ISSHP) 18 .
Fetal ultrasound examination
For the ultrasound examinations, a 3.5-MHz sector ultrasound transducer was used with the high-pass filter set at 100 Hz. Fetal biometry and estimated fetal weight were assessed according to local reference values 19 .
Maternal echocardiographic evaluation
The M-mode, two-dimensional (2D) and Doppler ultrasound maternal echocardiographic evaluation was performed, by a researcher blinded to the treatment, within 24 h from the diagnosis of hypertension and before the initiation of treatment, and was repeated every 7-10 days throughout the duration of therapy to calculate TPVR. Variables were evaluated according to the recommendations of the American Society of Echocardiography 20 . Stroke volume (SV) and CO were calculated from the aortic valve area, flow-velocity time integral and heart rate, as previously described 5, 6, 11, 21 .
At the end of the maternal echocardiographic examination, systolic BP and diastolic BP were measured from the brachial artery with a manual cuff. TPVR was calculated in dynes×s/cm 5 according to the following formula: TPVR= (mean BP (mm Hg)/CO (L/min)) × 80, where mean BP was calculated as: diastolic BP + (systolic BP -diastolic BP)/3.
Outcomes
The pregnancy was followed until term by an investigator who was blinded to the results of maternal echocardiography and treatment. The pregnancy was considered as severely complicated if mild GH progressed to one or more of the following: early-onset pre-eclampsia (before 34 weeks) 22 or severe pre-eclampsia (associated with fetal growth restriction, proteinuria > 1g/24h, BP > 160/110 mmHg) according to Society for Maternal-Fetal Medicine (SMFM) 23 ; severe GH resistant to therapy (rise of BP to > 170/110 mmHg during maximized therapy); placental abruption; HELLP syndrome; fetal growth restriction (defined as a birth weight below the 10 th percentile with umbilical artery pulsatility index above the 95 th percentile) 5 ; severe respiratory distress syndrome; and perinatal death. When other neonatal complications (such as necrotizing enterocolitis, intraventricular hemorrhage, neonatal sepsis or anemia) developed in patients with intrauterine growth restriction (IUGR) these were recorded but patients were classified as IUGR to avoid duplicate counting of complications. Mild preeclampsia and mild-to-moderate neonatal respiratory distress syndrome were also noted but were not included in the severe complications.
Statistical analysis
Values are expressed as mean ± SD or as median (range). Comparisons among groups were performed using oneway ANOVA with Student-Newman-Keuls correction for multiple comparisons, and intragroup comparison between variables at diagnosis and 4 weeks after pharmacological intervention was performed using ANOVA for repeated measurements. A receiver-operating characteristics (ROC) curve was generated to find the best cut-off value for the prediction of severe complications based on the percentage reduction in TPVR after 4 weeks of therapy. Binary logistic regression analysis was used to evaluate the probability of a reduction in TPVR beyond the cut-off value identified for treatment Groups B, C and D in comparison with treatment Group A. The same analysis was used to evaluate the probability of progression to severe complications during pregnancy for Groups B, C and D in comparison with Group A.
The interobserver and intraobserver variability in our clinic for the echocardiographic parameters evaluated have been previously reported 5, 6, 11 . Table 1 reports the demographic and pregnancy characteristics of the study groups. Estimated fetal weight percentile at enrolment was similar in the four treatment groups and lower compared with the normotensive group. Birth-weight percentile was lower in the four treatment groups compared with the normotensive group, although Group D showed a higher birth-weight percentile and an older gestational age at delivery in comparison with Groups A, B and C. The complications observed in each treatment group are summarized in Table 2 . No complications were observed in the normotensive women. The percentage of patients with complications in Group D (41%) was lower vs the percentage of patients with complications in Group A (72%, P < 0.001), Group B (66%, P < 0.001) and Group C (72%, P < 0.001). The percentage of patients with maternal complications in Group D (29%) was lower vs the percentage of patients with maternal complications in Group A (46%, P = 0.02), Group B (45%, P = 0.03) and Group C (48%, P = 0.01). The percentage of patients with late-onset or mild pre-eclampsia in Group D (5%) was lower vs the percentage of patients with late-onset or mild pre-eclampsia in Group A (16%, P = 0.02), Group B (15%, P < 0.03) and Group C (15%, P < 0.03). When considering only severe complications, the percentage of patients in Group D (35%) was lower compared with the percentage of patients in the other groups (Group A, 51%, P < 0.05; Group B, 48%, P < 0.05; and Group C, 53%, P < 0.05). Table 3 shows the hemodynamic parameters at enrolment and 4 weeks after initiation of therapy in each group. A 4-week cut-off was chosen arbitrarily for evaluating therapeutic effects and BP stabilization. If patients were Values are given as n. OF, oral fluids (increased fluid intake of about 2.5-3L per day); NO, nitric oxide donor patches given for 12 h per day. 
RESULTS

Group D (nifedipine+NO+OF)
At enrolment
Heart rate (bpm) 80 ± 10 75 ± 10* 74 ± 10* 74 ± 10* 75 ± 10* SV (mL) 84 ± 13 69 ± 11* 68 ± 11* 69 ± 11* 70 ± 13* Systolic BP (mmHg) 114 ± 11 153 ± 9* 152 ± 9* 153 ± 9* 152 ± 9* Diastolic BP (mmHg) 63 ± 11 94 ± 10* 94 ± 10* 93 ± 9* 95 ± 10* Mean BP (mmHg) 80 ± 8 114 ± 5* 113 ± 5* 114 ± 5* 114 ± 5* CO (L/min) 6 Intergroup comparison showed no differences at enrolment among the four treatment groups. After 4 weeks of therapy, higher values of HR, SV and CO, and lower values of TPVR, were observed in Group D compared with Groups A, B and C. The CO in Group D was not statistically different in comparison with the CO of the normotensive group, but TPVR was still higher and SV was slightly, but significantly, lower. Figure 1 shows the ROC curve for reduction of TPVR during therapy in predicting severe complications. A reduction in TPVR of less than 15% during therapy was found to predict severe complications with a sensitivity of 95.2% and specificity of 88.3% in all 400 patients. Binary logistic regression analysis, with the standard treatment Group A as the baseline, showed that there was a higher probability in Group D of reducing TPVR by more than 15% (odds ratio (OR) = 2.03; 95% CI, 1.15-3.60; P < 0.015), whereas treatment Groups B and C did not show a significant difference compared with standard treatment (Group B vs Group A: OR = 0.96; 95% CI, 0.55-1.67 and Group C vs Group A: OR = 1.00; 95% CI, 0.57-1.72; P = NS). Moreover, Group D showed a lower probability of progression to severe complications compared with standard treatment Group A (OR = 0.52; 95% CI, 0.29-0.91; P < 0.023), whereas treatment Groups B and C did not have a significant impact on the rate of progression to severe complications (Group B vs Group A: OR = 0.89; 95% CI, 0.51-1.54 and Group C vs Group A: OR = 1.08; 95% CI, 0.62-1.89; P = NS).
Time from enrolment to delivery in patients with severe complications was 45 ± 24 days in Group A, 45 ± 22 days in Group B, 43 ± 23 days in Group C and 52 ± 19 days in Group D (P < 0.05 vs Groups A, B and C).
DISCUSSION
This study has found that a reduction in TPVR can be achieved through the addition of NO donors and fluid therapy to standard antihypertensive treatment in mild GH, leading to a reduction in the rate of progression to severe pregnancy complications. One of the most important findings of the study was that a cut-off in TPVR reduction could be identified beyond which there is a consistent reduction in severe complications.
In each of the four treatment groups there was a similar reduction of BP, but only the addition of both NO donors and oral fluids (Group D) was able to increase CO, therefore reducing TPVR, compared with the other three treatment groups. The question therefore arises as to why only the combined therapy has an effect on CO, which nifedipine, NO donors and hydration do not show when administered separately. In order to answer this, it should be noted that these patients with high TPVR have three simultaneous problems: (i) constriction of the resistance vessels (arteriolar compartment); (ii) low venous capacitance (venous compartment) 24 ; and (iii) an underfilled vascular state. The venous compartment in the underfilled state is probably vasoconstricted in order to favor the venous return. Only by simultaneous action on these three aspects can we exert a truly positive effect on maternal hemodynamics. We therefore chose to act with nifedipine on the resistance vessels, with NO donors on the capacitance vessels and with hydration on the underfilled state. Nifedipine has an effect on the resistance vessels but not on the capacitance vessels, and the addition of fluid therapy cannot be effective if the venous compartment has a low capacitance. Therapy with NO donors produces a dilatation of the capacitance vessels, which increases venous pooling, acting on the problem of the low venous capacitance in these patients. If NO donors are used without the addition of fluid therapy, the overall result could be a decrease of the preload, which might already be deficient in high-risk GH patients 5, 6, 11, 25, 26 . To balance this potentially negative effect of treatment using NO donors and to increase the venous return (increasing SV and CO), an enhancement of maternal hydration was achieved through the administration of oral fluids; this therapeutic strategy allowed for an improvement in positive outcomes (reduction of the afterload) whilst avoiding the potential threats (reduction of the preload) of therapy with NO donors.
The confirmation of TPVR as a target for pharmacological treatment was another important result of this study; a reduction in TPVR of > 15%, compared with pretreatment values, appeared to be associated with a lower probability of severe complications. The combination of treatment with NO donors, oral fluids and nifedipine demonstrated a greater ability to reduce TPVR by > 15% compared with the standard treatment and was associated with a lower probability for the development of severe complications (35% in Group D vs ≈ 50% in Groups A, B and C). The explanation for the reduction in severe complications might be linked to the improvement in maternal hemodynamics which, as previously demonstrated 12 , positively influences fetal hemodynamics, reducing fetal and neonatal complications. The higher birth-weight percentile found in Group D strengthens this hypothesis.
Another important result is the observation that we were able to sustain complicated pregnancies to term in Group D, suggesting that the additional treatment with NO donors and oral fluids might delay the onset of severe complications. To date there is no conclusive evidence that antihypertensive treatment is beneficial to the mother in mild GH 1 ; however, a variable percentage of pregnant women receive an antihypertensive drug at some point during their pregnancy 15, 25, 26 in an attempt to control the progression toward severe hypertension 1 , and a high percentage of patients with non-threatening GH develop maternal and fetal complications.
This study was designed with the aim of finding a pharmacological treatment strategy that would act on maternal hemodynamics (in particular on the equilibrium between CO and BP, i.e. TPVR) and not only on BP. Most of the previous studies of pharmacological treatments targeting maternal hemodynamics focused on CO 8, 9 in patients with a hyperdynamic state (low TPVR and high CO) using beta-blockers 9 . Beta-blockers are known to reduce neonatal respiratory distress syndrome and the progression to severe hypertension, but are also suspected to be associated with an increase in smallfor-gestational-age infants 3 . We selected patients with a hypovolemic state with high TPVR and low CO, usually associated with a worse outcome compared with a hyperdynamic state 10 . The hyperdynamic population is usually characterized by high BMI, and progresses to late forms of pre-eclampsia without fetal growth restriction 8, 9 , mainly linked to maternal risk factors rather than to placental insufficiency 27 . Women included in our series mainly showed normal BMI, a hypovolemic state 27 -31 and early forms of pre-eclampsia often associated with fetal growth restriction, probably triggered by a defective trophoblast invasion and placental insufficiency 27 . The different pharmacological approach we used compared with that of Easterling et al. 8, 9 and the different results obtained might therefore be a result of the different hemodynamics characterizing the populations selected.
The limitation of the current study is the nonrandomized design, requiring a randomized controlled study to confirm the data. The absence of a non-treated control group might be considered as another weak point. However, if we compare this set of patients with another group of non-treated patients with mild GH studied previously 5 (with later (28-31 weeks) and milder (BP < 160/100 mmHg) forms of hypertension), redefining the outcomes according to the present study, we find that 63 (64.2%) of 98 patients of that historical series 5 would have been classified as having a severe complication, which is much more than the 35% observed in Group D.
This study underlines the importance of TPVR, more than the simple evaluation of BP, in characterizing hypertensive disease of pregnancy, suggesting its role in monitoring the effect of therapy. In particular, the combination of NO donors, oral fluids and standard antihypertensive therapy in patients with low CO and high TPVR is able to reduce TPVR and the frequency of severe complications in mild GH more than other treatments. Another important result of our study was the identification of non-responders (a reduction of TPVR of ≤ 15%) to pharmacological therapy at higher risk for progression to severe complications during pregnancy.
